Solid electrolyte interface (SEI) is considered as one of the most important factors determining the electrochemical performance of lithium-ion batteries. Here we introduce 31 P nucleus as a probe to detect the formation and composition of SEI on Si anode. Through detecting the phosphorus compound forming on the Si anode by 31 P NMR, a decomposition mechanism of the new addives is proposed. © 2013 The Electrochemical Society. [DOI: 10.1149/2.002312eel] All rights reserved.
In the past decades, lithium-ion batteries have realized a remarkable progress as a convenient power source for portable devices. However, some unsolved problems such as slow-charge capability, short-term cycle life have hindered its more comprehensive application in electric vehicles (EVS) and grid energy storage.
1,2 Solid electrolyte interface(SEI) layer which forms on the electrode surface has been proved to play a critical role in fastening charge/discharge performance and lengthening calendarlife of the cell. 3, 4 Experimental techniques such as Fourier transform infrared (FTIR), X-ray photoelectronspectroscopy(XPS) and electrical impedance spectroscopy (EIS) have been explored to study the SEI layer on various electrodes. 5, 6 However, FTIR is not a quantitative tool while XPS is semi-quantitative and also causes some undesired side reactions during experimentation. 7 In contrast, solid state nuclear magnetic resonance(SS-NMR), a powerful non-destructive tool, has been applied to investigate the structure and formation of SEI in recent years. [7] [8] [9] [10] However, due to the tiny changes of chemical shifts among the various lithium salts in SEI, 7 Li NMR is unable to distinguish SEI components. 7, 9, 11 Therefore, this problem has obstructed the application of 7 Li as a sensitive probe to detect the main components of the SEI layer. 12 In this paper, we take a new way to investigate SEI by introducing phosphorus compound coming from the decomposition products of additives in the electrolytes which forms on the surface of the electrode. It is well-known that many additives such as fire retardant and SEI film-forming additives are added into electrolytes to improve the performance and the safety of lithium-ion batteries. [13] [14] [15] In our experiments, we hope that the phosphorus accumulated on the surface will act as a probe to open a new window to monitor or "see" the changes of SEI.
Experimental
Two novel additives, DEDAPA and DEAP (see Figure 1 ), developed and studied in our lab were seperately added to electrolytes as fire retardant additives. 16 In total, four kinds of electrolytes were prepared and used in these experiments: 1 M LiPF 6 by Land CT2001 A charge/discharge system. Cells were discharged to different states as depicted in Figure 2 . After discharging the cells to a fixed capacity, the electrode materials were taken from the cells and rinsed by DMC for eight times and dried under vacuum. Then the materials were scraped from the foils and packed into 2.5 mm rotors. The entire process was handled in an Ar filled glove box.
31 P MAS NMR measurements were carried out on a A Bruker Avance 400 MHz spectrometer at room temperature. For 31 P chemical shifts, ADP was used as references at 0 ppm. Except the two static 31 P NMR measurements, all samples were spun at the magic angle with a spinning speed of 25 kHz. Single pulse was used with a duration of 1 μs for 31 P and 2048 scans were accumulated for 31 P MAS NMR spectra. The recycle delay was 20 s and pre-scan-delay was 10 μs. The 31 P MAS NMR spectra in this work were all plotted taking into account the number of scans and the mass of the samples. ecsdl.org/site/terms_use address. Redistribution subject to ECS license or copyright; see 210.34.14. . 31 P NMR spectra of different samples. Static 31 P NMR spectra for liquid sample (a) 10% DEDAPA in LiPF 6 electrolyte and (b) 5% DEAP in LiPF 6 electrolyte. 31 P MAS NMR spectra for (c) and (d):pure DEDAPA and DEAP manual mixed with Si electrode material discharged to 2400 mAh/g respectively, the electrolyte used is without additive; The rest three samples (e), (f) and (g) are all Si electrode materials discharged to 2400 mAh/g, (e) without additive, (f) with 10% DEDAPA, (g) with 5% DEAP.
Results and Discussion
To figure out the composition and formation of SEI, several discharging states in the first cycle were carefully investigated. Figure 3 shows 31 P NMR spectra for different samples. The 31 P NMR spectra (Figure 3a and 3b) show that the 31 P resonance of DEDAPA additive appears at 7.8 ppm, while that of the DEAP at 27.1 ppm. The P signals (around -145 ppm) assigned to LiPF 6 are far away from the center of the spectra, so they are not given. Figure 3c shows the spectrum of DEDAPA manual mixed with Si electrode material without any additive. The tiny change of the peak as opposed to Figure 3a (shifted to the left by 0.6 ppm) means Si powder as a semiconductor materials almost has no effect on the chemical shift of pristine fire retardant DEDAPA. As for DEAP, Figure 3d also presents the same phenomenon. Thus, if a relatively large shift happened in 31 P NMR signal, it can be considered as the formation of a new compound containing 31 P nucleus. In Figure 3e no signal appears in the spectrum while in Figure 3f there is abroad peak around 5.4 ppm. Figure 3f shows the spectrum of Si electrode with DEDAPA additive. The signal is shifted to right by 2.4 ppm as opposed to Figure 3a . Furthermore, when DEAP additive is used (Figure 3g ), the spectrum of Si electrode shows that the signal corresponding to DEAP disappears, and a new broad signal at around 5.4 ppm appears. As a control experiment, no signal around 5 ppm could be observed in Figure 3e (without any additive) implying that the signals in Figure 3f and 3g are derived from the decomposition of additives rather than LiPF 6 . Actually, the broad signal centered around 5.4 ppm in Figure 3f stands for more than one species which will be discussed later. The 31 P chemical resonances in Figure 3f and 3g at around 5.4 ppm are virtually the same indicating the same chemical environment even though there is a large difference between 31 P signals in Figure 3a and 3b. The only possible cause for such phenomenon is that both the P-N bond in DEDAPA and the P-C bond in compound DEAP are broken and connected to the same group during the discharging process. Only in this case, the final products of two additives could present the same chemical shift. A large difference in 31 P signals would appear if the P-C bond (DEAP) or P-N bond (DEDAPA) still existed. It's worth noticing that the P signals from sample (f) and (g) remain after the rinsing process by DMC for eight times, or even after soaking in DMC for 24 hours, which implies that these new phosphorus containing compounds presented by the 31 P NMR may come from SEI rather than a simple physical absorption. It is clear to see that the broad signal in Figure 3f represents more than one P species. In order to determine the different P species, another group of cells with LiClO 4 electrolyte were brought in. The 31 P MAS NMR spectra are shown in Figure 4 . Combined with Figure  3f , we can find that the broad signals observed in samples discharged with LiPF 6 electrolyte are composed of two peaks around 5.2 ppm and 0 ppm while there is only one sharp peak around 5.2 ppm in the spectra of samples discharged using LiClO 4 electrolyte. Since there is no fluorine source in LiClO 4 electrolyte, it is logical to draw a conclusion that the signal around 0 ppm is due to a compound (named Compound A, see Figure 5 ) which fluorine connects to phosphorus after the P-N bond breakage in DEDAPA. By setting the 31 P chemical shift of DEAP to 27.00 ppm (the experimental value is 27.1 ppm), we calculated the 31 P shift of Compound A with DFT method and got the value of 1.76 ppm, which is in good agreement with the experimental value(see details in supporting information). And the fluorine is from the decomposition of LiPF 6 which has been reported in the literatures by various methods. [17] [18] [19] Figure 4 (left, a) indicates that this decomposition starts immediately after assembling of the cell. For tetra-coordinated phosphorus which has already connected to three oxygen, the chemical shift of the 31 P will generally move to the higher field when the fourth connected atom changes into an atom with higher electronegativity. 20 Such trend can also be seen in DEAP (P-C bond, 27.1 ppm), DEDAPA (P-N bond, 7.80 ppm). Based on what we have discussed, the peak centered around 5.2 ppm is probably assigned to a compound (named Compound B, see Figure 5 ) that the phosphorus connects to an atom with a higher electronegativity than Figure 5 . Possible reaction processes of DEDAPA after crack of P-N bond.
nitrogen but less than fluorine. In this case, the atom should be oxygen which comes from carbonate solvents in the cells or some reduction products of EC/DMC, like alkyl carbonate. 18, 19, 21 According to above findings, the possible molecular structures of two new phosphorus compounds are given in Figure 5 . Using the same method, we have calculated the chemical shifts for a series of compounds with different R group in P-OR: for P-OH, the calculation value is 5.21 ppm, for P-OCH2COOCH3, the value is 7.08 ppm and 2.79 ppm for P-O − . As for P-OH, the calculation value is in good agreement with the experimental value 5.2 ppm. However, considering the complexity environment in SEI and errors in calculation, the possibility of existence of P-OCH2COOCH3 and P-O − can't be precluded. Unlike Compound A, the peak for Compound B appears late when the cell discharged to a certain capacity, which implies the involved oxygen element comes from the decomposition of EC/DMC. In Figure 4 (right, c), a weak peak around 5.2 ppm indicates that the decomposition of EC/DMC starts before the cell is discharged to 60 mAh/g (around 0.25 V), while in cells with LiPF 6 , such process starts before 40 mAh/g (around 0.30 V). Thus it is reasonable to conclude that before the cells with LiPF 6 -based electrolyte are discharged to 40 mAh/g, the lithium salts in SEI layers like Li 2 CO 3 , CH 3 OCO 2 Li have formed by the decomposition of EC/DMC. 18, 19, 21 As so far, the usage of 31 P MAS NMR have not only detected information from the additive DEDAPA itself but also reflected some very important parts of the constitution of SEI which have never been achieved before.
Conclusions
In summary, we have proved successfully for the first time to monitor some components and local structure of phosphorus-compound in SEI layer on Si anode by introducing 31 P nucleus as a sensitive probe by solid state NMR. Firstly, this method provides a direct way to monitor and understand that how the flameretardant additive is involved in the formation of SEI layers during electrochemical cycling process. More importantly, this kind of method could be extended and developed as an efficient way to investigate the formation and growth of SEI on the electrode in Li-ion batteries by in-situ NMR technique which is currently being explored in this lab.
